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a b s t r a c t
In a conventional deformationmap, strains in crystalline metals are composed of an elastic
part and a plastic part. The latter, primarily contributed by themotion of dislocationswhich
leaves the lattice behind the trace intact, is irreversible. Herewe report a significant amount
of reversible plastic strain in a coarse-grained gradient magnesium alloy. Plastic torsional
strain could be recovered by an amount of 10% when the gradient alloy is subjected to
tension. The pre-torsional deformation induced gradient twin lamellas and the consequent
back stress by dislocation pileup at the tip of twin lamellas serve as the driving force for the
reversed plasticity. We further show that the gradient driven reversible plasticity could be
utilized to realize better strength–ductility combination in magnesium based alloys, and
is of interest for the engineering practice of those light-weight metals.
© 2016 Elsevier Ltd. All rights reserved.Introduction
It is generally accepted that dislocation accommodated
plasticity in conventional metals is permanent and ir-
reversible. As the microstructure of materials falls into
the unconventional domain, however, there are scenar-
ios where plastic deformation could be partially reversible
[1–5]. For example, thermally activated plastic strain re-
covery in nanocrystalline thin films is observed, and the
strain recovery phenomenon is restricted to a small range
of grain sizes [6,7]. In situ transmission electron mi-
croscopy observations by Balk et al. [8] on thin Cu films
on substrates have shown that dislocations emitted from
GBs on slip planes parallel to the film/substrate interface
can reversibly expand or contract in the vicinity of GBs
during thermal cycling, indicating a possible mechanism
by which plastic deformation could be partially recov-
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2352-4316/© 2016 Elsevier Ltd. All rights reserved.ered via dislocation activities. Very recent in situ tensile
experiments inside scanning and transmission electron
microscopes show that penta-twinned silver nanowires
undergo stress relaxation on loading and complete plas-
tic strain recovery on unloading [9]. At nanoscale, even
body-centered cubic tungsten exhibit reversible plastic-
ity by detwinning process [10]. By examining the key
mechanisms of plastic deformation in polycrystalline met-
als – including dislocation motion, lattice diffusion, grain-
boundary (GB) diffusion and GB sliding – one can imag-
ine several scenarios in which plastic deformation could
be partially recovered during unloading: Dislocations pile-
up near GBs and produce high local back stresses which
may be large enough to overcome lattice resistance to glide
[8,9,11]; in nanocrystalline materials, dislocations tend to
be partial dislocations; the stacking fault energy associ-
ated with these partials could also provide a driving force
which tends to reverse dislocation motion [9,10,12]; het-
erogeneous deformation in grains or in GBs leads to resid-
ual stress which may drive recoverable creep deformation
[3,13]; other mechanisms like detwinning and phase tran-
sition and so on could also result in plastic strain recovery
Y. Liu, Y. Wei / Extreme Mechanics Letters 9 (2016) 158–164 159Fig. 1. EBSD images for the sample with 180° pre-torsion. (a)–(c) Grain boundary distribution maps superimposed on the Kikuchi band’s patterns in
different regions of the sample, (a) In the core (r = 0). (b) In the middle along the radial direction (r = R/2). (c) Near the out-most surface (r = R). (d)–(f),
in turn, are the corresponding orientation imaging maps of the regions shown in (a)–(c).[9,10,12]. Nevertheless, thosemechanisms typically lead to
a small amount of reversible strain which is impercepti-
ble in conventional grain-sizedmetals. In this work, we re-
port anomalous reversible plasticity in conventional mag-
nesium alloy driven by gradient twin structures.
Results and discussions
Gradient structure offers specialmechanical properties.
With gradient grain-size or twin volume fraction, metals
exhibit better combination of strength and ductility than
their homogeneous counterparts, and even break the
intrinsic trade-off between ductility and strength in most
engineering materials [14–18]. Procedures such as surface
mechanical grinding treatment [17] could produce sharp
graded microstructures, with nano to fine to coarse
grains from the surface [18]. A pre-torsion applied to
asymmetrical bars however produce a linear gradient
of microstructures as a resultant of deformation: The
processed twin-induced plasticity steel, for example, has
a gradient of deformation twins with the highest twin
density in the surface [18]. Here we adopted the pre-
torsion strategy to introduce gradient structures in a
magnesium alloy.
Gradient twin by pre-torsion
Due to their hexagonal-close-packed (HCP) structure,
HCP crystalline materials are prone to trigger deformationtwinning for plasticity. Primary deformation twinning
systems inmagnesium alloys include the {101¯2} extension
twin and {101¯1} contraction twin [19–21]. We used the
commercially available magnesium alloy AZ31B. Due to
extrusion, the as-received material exhibits strong texture
where the c-axis of grains prefers to line perpendicular
to the extrusion direction (ED). The strong texture gives
rise to asymmetrical yield: The yield strength of AZ31B
in compression is about 95 MPa and that in tension is
nearly 180 MPa. The detailed dimensions of a sample
for torsion are given in supplementary Fig. 1(a) (see
Appendix A). Corresponding information for mechanical
tests is supplied in the Methods section. Under torsion,
the shear strain increases linearly from the center to the
outer surface of samples with circular cross-section. The
average shear stress (τ¯ = 1
πR2

S τθz(r)dS) in the bar is
τ¯ = 3T/(2πR3), where T is the applied torque and τθz(r)
is the resultant shear stress, and R is the radius of the
sample. The maximum shear strain Γ is given as Γ =
Rθ/L, with θ being the twist angle applied in the uniform
region with length L. As the elastic strain in metals is less
than 0.2% while the maximum shear strain is as large as
35%, we neglect the elastic part of the deformation and
assume that the plastic shear strain distributes linearly
along the radial direction in the cross section, as given
by the following equation γ p ≈ Γ r/R. By applying
different twist angles at the free-end of samples,we can get
samples with different strain gradient. Fig. 1(a)–(c) show
160 Y. Liu, Y. Wei / Extreme Mechanics Letters 9 (2016) 158–164Fig. 2. Strain recovery in pre-twisted samples. (a) Shear stress
versus shear strain at the out-most surface during torsion, unloading,
and subsequent tension (compression, right hand side), labeled as
steps (I), (II), and (III), in turn. (b) Recovered shear strain versus
tensile/compressive strain for 0°, 45°, 90°, 135°, 180°pre-twisted samples
under uniaxial tension (left) and compression (right) tests. Large scale
shear strain recovery is seen, in particular in pre-twisted samples under
tension.
the electron backscatter diffraction (EBSD) results of the
sample after 180° pre-torsion, from the core of the sample
(r = 0), the middle region (r = R/2), to the out-most
surface of the sample (r = R). For better illustration,
we superimposed the grain boundary distribution maps
on the Kikuchi band’s pattern. Fig. 1(d)–(e), in turn, show
the orientation imaging maps of the regions seen in
Fig. 1(a)–(c). As deformation twinning being the primary
plastic deformation, twin volume fraction in those pre-
twisted samples increases along the radial direction, as
clearly demonstrated in Fig. 1. It is further noted that there
exists strong texture in as-received samples, with the c-
axis of grains perpendicular to the extrusion direction.
The exerted torsional deformation and the uniaxial tension
along ED can slightly weaken this texture (supplementary
Fig. 2).
Shear strain recovery
As illustrated in supplementary Fig. 1(b), we unload the
sample with pre-torsion till the applied torque becomes
zero again. After unloading, we now apply tension to
the samples with pre-torsion. While applying tension,
we keep the sample’s rotational degree of freedom (with
axis coinciding with the tensile direction) unconstrained.
We record the applied tensile strain and the rotationaldegree simultaneously. The recovered shear strain Γ is
computed by tracking the relative rotation of the two
ends of twisted sample under tension, with Γ = R0θ/L0,
and θ being the relative rotation angle of the two ends.
L0 is the calibrated length so that the obtained shear
reflects an accurate measure of shear within the uniform
region and R0 is the initial radius. It is noted that if
we simply calculate the recoverable strain by tracking
the shape evolution of a line firmly attached to the
sample surface, it may introduce artificial recoverable
strain: During torsion, the original straight line becomes
spiral. Subsequent tension would lead to the spiral line
stretched with reduced radius. Hence the geometrical
change of the spiral line would give rise to ‘recoverable
strain’. In that scenario, the two ends of the spiral line
would not rotate. Our way of calculating the recoverable
strain by monitoring the relative motion of the two
ends of the sample excludes the aforementioned artifact.
Fig. 2(a) gives the applied shear stress as a function of the
maximum shear strain in the sample experiencing torsion,
unloading, and subsequent tension. The loadingpathswere
labeled as step I (pre-torsion), step II (unloading), and
step III (free tension/compression [22,23]), respectively.
During torsional deformation, the shear stress first linearly
increases with the applied shear strain as the sample
deformations elastically. Then plastic deformation occurs
at the out-most surface of the sample, where the shear
strain is the maximum. The hardening behavior we see
from the curve could be a combined resultant of the
moving front of the plastically deformed region toward
the core and the twin-dislocation interactions. In the
following unloading step II, the elastic shear strain is
reversed in response to the removal of the applied torque.
However, the plastic shear strain remains. So far the
deformation behavior is consistent with the conventional
view that plastic deformation is irreversible. During the
subsequent tension or compression (step III), we see that
an enormous amount of plastic shear strain is recovered.
The recovered plastic strain could reach 55% of the
maximum shear strain in the sample twisted by 45° (θ =
45°). For the sample pre-twisted by 180°, the amount
of recoverable strain is 37%. We further noticed that the
recoverable shear strain also depends on the loadingmode.
When compressive deformation is applied in step III, the
recoverable strain is significantly smaller than that of the
tensile case (see the right hand part of Fig. 2(a) and (b)). In
addition, the tension and compression load in step III may
lead to distinct failure modes, as seen in supplementary
Fig. 1(c)–(e). The evolution of recovered shear strain as
a function of the applied tensile or compressive strain is
presented in Fig. 2(b). Herewe show the curves for samples
with 0°, 45°, 90°, 135°, 180° pre-torsion. Large amount of
shear strain recovery is seen, in particular in pre-twisted
samples under tension. In Table 1, we listed the amount
of recoverable strain in both tension and compression for
samples with different twisting angles.
Since the samples without pre-torsion do not exhibit
any rotational deformation, the recoverable strain ought
to be connected with the gradient deformation in AZ31B.
While comparing the twin volume fractions of different
pre-twisted samples before and after tensile tests (see
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Plastic shear strain at the outer surface of the pre-twisted samples before
and after uniaxial tension/compression. Here Γ ppre-tor is the maximum
shear strain after pre-torsion, Γ pten and Γ
p
com are the residual plastic shear
strain after tension; the difference between Γ ppre-tor and Γ
p
ten (or Γ
p
com) is
the recovered plastic shear strain.
Pre-torsional angle 0° 45° 90° 135° 180°
Γ
p
pre-tor 0 0.08 0.18 0.26 0.35
Γ
p
ten 0 0.04 0.09 0.15 0.23
Γ
p
com 0 0.06 0.16 0.24 0.33
−Γ pten/Γ ppre-tor 0 55% 50% 42% 37%
Table 2
The percentage of twin volume fraction of different pre-twisted samples
before and after tension. △TVF is the twin volume fraction difference in
the sample before and after tension. It is noted that the difference is
negligible if no pre-torsion is applied. A significant amount of difference
appears in those samples with pre-torsion, indicating the activation of
deformation twinning by pre-torsion. Twin volume fraction at different
radial positions for pre-twisted samples changes linearly from 6.41%
to the out-most twin volume fraction data. For example, twin volume
fraction changes linearly from6.41% (center) to 12.31% (out-most surface)
for the 90° pre-twisted sample.
Twisted angle Before tension After tension △TVF
0° 6.41% 6.88% 0.47%
90° 12.31% 7.45% −4.86%
180° 17.01% 7.41% −9.60%
Table 2), we noticed that the twinning volume fraction
change is small and negligible (0.47%) for as-received sam-
ples before and after tension [24]. However, twinning vol-
ume fraction change between the sample with 90° pre-
torsion and that with 90° pre-torsion and subsequent
tension reaches 4.86%, and that number nearly doubles
(9.60%) if the pre-torsional angle reaches 180°. It hence
implies that the gradient twin in pre-twisted samples is
crucial to explain the significant plastic recovery. In as-
received samples, as the c-axis of most grains perpendic-
ular to the loading direction, the {101¯2} extension twin
is hard to be activated in tension. Deformation twinning
is not the primary plasticity carrier. However, pre-torsion
leads to reorientation of those grains prone to twin under
shear. The c-axis of those reoriented grains is not perpen-
dicular to the loading axis anymore. The extension twin
could then be activated during the subsequent tensile de-
formation. Macroscopically, the detwinning process in the
pre-twisted sample from tension leads to the recoverable
shear strain, as shown in Fig. 2(b). As for the deformation
twinning in magnesium is restricted to specific orienta-
tions. This pre-produced gradient twin is mostly recovered
under tensile strain.
The pre-torsion also leads to distinct mechanical
properties in contrast to those of the as-received samples.
We show in Fig. 3(a) the tensile and compressive
stress–strain curves of pre-twisted samples. It is clear
from the compressive stress–strain curves that pre-torsion
could enhance the yield strength by 80%. As seen in
Fig. 3(b), the pre-torsion treatment could effectively
reduce the yielding asymmetry (the difference between
the 0.2% tensile and compressive yield strengths) in highly
anisotropic AZ31B, and such anisotropy is commonly seen
in hexagonal metals and alloys. In Fig. 3(c), we showthe Vickers hardness profile along the radial directions
for the sample with 180° pre-torsion and those after
subsequent tension or compression. There is apparent
strength gradient in the sampleswith pre-torsion, which is
resulted from the strengthening effect by twin boundaries
(see in Fig. 1) [25]. This strength gradient along the radial
direction becomes weak when subsequent tension or
compression is applied, which supports the statement that
those grains undergo deformation twinning during torsion
may experience detwinning during subsequent tension
or compression. This deformation mechanism weakens
the pre-existing twin gradient by torsion and leads to an
isotropic hardening along the radial direction.
Reversible plasticity by crystal plasticity modeling
We choose the microscopic deformation mechanism
based crystal plasticity model to verify the reversible plas-
ticity in magnesium alloy AZ31B. The model accounts
for both dislocation slip and deformation twinning in
hexagonal-close-packed crystals (Supplementary Note 1,
see Appendix A). We model the plastic deformation of a
cylindrical sample composed of multiple single crystals
(see Fig. 4(a)). Similar to the experimental setup, we sim-
ulate the deformation of the finite element sample from
torsion, unloading, and subsequent tension/compression.
We first apply torsion to the bar until its maxi-
mum shear strain reaches about 35%. The green part of
Fig. 4(b)–(c) represents the shear stress-shear strain re-
sponse during the torsional test (step I). In the subse-
quent unloading, about 3% elastic shear strain is recov-
ered, as seen in the blue part of Fig. 4(b)–(c). The follow-
ing uniaxial tension test at step III leads to 0.14 plastic
shear strain recovery, as indicated by the black part in
Fig. 4(b). While in compression, the plastic shear strain
recovery is 0.08 (the black part in Fig. 4(c)). The recov-
ered shear strain in response to tensile strain and com-
pressive strain is given in Fig. 4(d) and (e) respectively.
The contributions of different slip and twinning systems
in the overall loading steps, as shown in supplementary
Fig. 3, suggest that the plastic deformation mechanisms
are different in the three loading steps. Deformation twin-
ning starts to activate in tension in those pre-twisted sam-
ple, in contrast to the negligible extension twinning in as-
received sample under tension [24].While in compression,
four kinds of slip and twinning mechanisms in those pre-
twisted sample play amore balanced role than as-received
sample [24]. We further explore the grain level deforma-
tion mechanisms in two particular grains in the outer sur-
face of the bar. The Bunge Euler angles of the two repre-
sentative grains are (φ1,Φ, φ2) = (115°, 75°, 30°) and
(60°, 90°, 55°), respectively. The deformation trajectories
of the two grains, as a result of torsion at the first two
steps, suggest the occurrence of extension twinning. In the
subsequent tensile tests, those two grains experience de-
twinning and their orientations restore their initial sta-
tuses, as shown in Fig. 4(f) and (g). However, in the subse-
quent compressive tests, those two grains experience dif-
ferent deformation trajectory, as shown in Fig. 4(h) and (i).
Suchmicroscopic deformationmechanisms serve as the di-
rect evidence that detwinning in the pre-twisted sample
162 Y. Liu, Y. Wei / Extreme Mechanics Letters 9 (2016) 158–164Fig. 3. Mechanical properties of samples after pre-torsion. (a) The uniaxial tensile (left) and compressive (right) stress–strain curves of samples with 0°,
45°, 90°, 135°, 180° pre-torsion. (b) Comparison of the 0.2% yield strength for samples with different pre-torsion. (c) Vickers hardness along the radial
direction for samples after different deformation. As the elastic strain is so small, we assume a linear increase of plastic shear strain along the radius on the
cross section, γ p ≈ rΓ /R.from tension leads to the recoverable shear strain under
tension. To understand the collective behavior induced by
the twinning–detwinning process, we measured the tex-
ture of the samples before and after tensile test for both
as-receivedmagnesium samples and the pre-twisted sam-
ples, are shown respectively in supplementary Fig. 2. Based
on the pole figures and the twin volume fraction differ-
ence supplied in Table 2, we note that in the pre-twisted
sample, there is about 9.60% volume fraction undergone
deformation twinning. This twinned volume, when being
detwinned in the subsequent tensile test, could contribute
about 5% to the overall plastic tensile strain. In contrast,
there is only about 0.47% volume fraction experiences de-
formation twinning in the as-received sample under ten-
sion, and its contribution to the overall tensile strain is less
than 0.3%.
Conclusions
In this manuscript, we reported a significant amount
of reversible plastic strain in a gradient magnesium alloy
AZ31B. After applying pre-torsion to a typical commer-
cially extruded magnesium alloy AZ31B, we generated a
twin gradient along the radial direction of the sample as
light-weight magnesium based HCP crystalline materialsare prone to twin. Such microstructures introduce resid-
ual back stress at the tip of twin lamellas, which serves as
driving force for detwinning. Under subsequent tension,
gradient twins detwin and result in reversible torsional
plasticity. Both the macroscopic texture measurement and
grain level based crystal plasticity simulations confirm that
detwinning process in the pre-twisted sample under ten-
sion leads to recoverable torsional shear strain. In ad-
dition, we demonstrated that the pre-torsion treatment
could be applied to eliminate the tension–compression
yield asymmetry. Such yield asymmetry is broadly seen
in magnesium based light-weight alloys due to the pres-
ence of initial texture. It limits their application as struc-
tural materials. The anomalous reversible plastic strain
in conventionally grained HCP metals extends our un-
derstanding about plastic deformation mechanisms, and
may help us to design reliable description about the
deformation of light-weight materials during their en-
gineering practice [26]. In particular, in circumstances
when those materials are under cyclic loading or sub-
jected to wearing, it is inevitable that gradient layers may
form due to the plastic accumulation nearby very local-
ized regions [16]. The understanding we developed here
could hence be important to analyze the reliability of
those structures made of magnesium based light-weight
metals.
Y. Liu, Y. Wei / Extreme Mechanics Letters 9 (2016) 158–164 163Fig. 4. Crystal plasticity modeling to show detwinning induced plastic recovery in gradient magnesium alloy. (a) The polycrystalline sample used for
simulations. Averaged shear stress as a function of the maximum shear strain as the sample under torsion and subsequent tension (b) or compression
(c). Recoverable shear strain as a function of (d) tensile strain or (e) compressive strain in the pre-twisted sample under tension/compression. (f)–(i)
Deformation trajectories of two typical grains under different deformation stages: (f) grain I from torsion to tension, (g) grain II from torsion to tension, (h)
grain I from torsion to compression, (i) grain II from torsion to compression. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)Methods
Mechanical characterization: (1) Sample prepara-
tion: A commercial extruded magnesium alloy AZ31B bar
with a diameter of 25 mm was used. Dog-bone shaped
specimens with a gage length of 50 mm and a diame-
ter of 14 mm were fabricated and tested (supplementary
Fig. 1(a)). (2) Mechanical testing: The loading directionis parallel to the sample’s extrusion direction. We used
MTS809 formechanical testing. The angle velocity for free-
end torsion was chosen to be 28° per minute, which en-
sures themaximum shear strain rate to be below 10−3 s−1.
The axial strain rate for uniaxial tension and compression
was 10−3 s−1. In our experiments, the samples experi-
enced a complex loading history which contains 3 steps
as demonstrated in supplementary Fig. 1(b): step (I) pre-
164 Y. Liu, Y. Wei / Extreme Mechanics Letters 9 (2016) 158–164torsion (free-end torsion test, with the axial load F = 0
and torsional angle θ increasing linearly, and terminating
the torsional procedure when θ reaches 45°, 90°, 135°, or
180°), step (II) unload (decreasing the maximum torque T
to zero within 60 s while keeping the axial load F equal to
zero), and step (III) uniaxial tension/compression (quasi-
static uniaxial test, terminating the test till the sample fails.
The torque T at the clamping apparatus remains to be zero
while tension or compression). Axial length change (1L)
and relative rotation between the two ends of the samples
(θ ) weremonitored simultaneously during the three steps.
(3) Hardness measurement: Vickers micro-hardness of
the 0°, 45°, 90°, 135°, 180° pre-twisted samples and corre-
sponding tensile/compressive failure samples were mea-
sured. The test points locate along the radial direction in
the cross section of the bar. Averaged hardness valueswere
calculated from three independent points. The distance of
two adjacent points was more than 300 µm to avoid the
influence of neighbor points. We used MH-5L for hardness
measurement. The load is set to be 500 N, and the holding
time is 15 s. The Vickers hardnessHV is calculated after ob-
taining the diagonal lengths of the indenter (d1 and d2) at
force F ,
HV = 1.8544 F/(d1 · d2).
Structural characterization: (1) X-ray diffraction: Tex-
ture change of different pre-twisted samples before and
after tensile test is examined by X-ray diffraction (XRD).
Siemens D5000 diffractometer with copper-K radiation
is used here. The examination surface is perpendicular
to the sample’s extrusion direction. The pole figures are
processed by using Matlab with MTEX toolbox [27,28].
(2) SEM characterization and EBSD analysis: JOEL JSM-
7800F scanning electron microscope (SEM) was employed
for microstructure characterization. The observation sur-
face was on the cross section. The observation area is
150 µm× 150 µm, and the step length is 0.5 µm. The op-
erating voltage was 15 KV.We used AZTEC fromOxford In-
struments to do EBSD analysis and obtain the information
for deformation twinning.
Crystal plasticity based finite element simulation: Fi-
nite element modeling software Abaqus with a material
subroutine. The 3D cylinder model has 100 colored grains
(Fig. 4(a)). Initial texture of those grains is assigned by
discretize the orientations of experimental measurement
from the as-received magnesium bar.
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